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AN   INVESTIGATION  OP   THE  COUPARATIYS   STABILIT5f 

OF 
STRAICfflT  BACK  AND  BATTERED  BACK   DAM   SECTIONS. 
...    0    ... 

Numerous  recent  failures   of  dams,  "built   in 
accordance  with  the  criterione  for   the  practical 
section  so   long   in  use,  have  shown  forcibly   the  neces- 
sity for   the  consideration   of  additional  factors   in 
the  design  of  dams   suhjected   to  high  heads   of  water. 

These  considerations   suggest   the  adoption   of 
a  new   section   -  yiz. ,    one   in  which   the  head  of  water 
itself   is  used   to   lend  additional  stability,   by   taking 
advantage   of   its  vertical  component   on  a  battered  back. 

It  has  been  recently    emphasized,    that   the 
most   important   of  these  new  factors    is    the   effect  of 
uplift  due   to   the   seepage   of  water  under    the   foundation 
and   into   the  body   of   the  dam   itself.      Various  assunqp- 
tiong  have  been  made  as    to   the  amount   of   this  uplift. 

It   is   only  reasonable    to  assume,    that  at 
least  one-third  of   the   foundation  area    is   in  bearing, 
and   that   this  area   is   impervious.      In  a  well  laid 
foundation,    the  amount   of   the   seepage  water  which 
finds  an   outlet  at   the   toe    is   exceedingly   small,    and 
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is  under  no  head,  while  that  which  ig  retained  is 
under  the  full  static  head  at  the  heel  and,  though  it 
may  be  distriljuted  through  very  small  pores,  the 
sunination  of  the  whole  becomes  a  factor  to  be  reckoned 
with. 

The  existence  of  the  upward  preggure  under 
a  dam  depends  on  the  relative  perviousness  of  the 
material  under  the  dam,  rather  than  on  the  absolute 
quantity  of  percolation. 

In  the  extreme  cage,  the  pressure  varies 
from  the  total  static  head  at  the  heel  to  zero  at  the 
toe.   It  is  certain  that  the  water  has  no  access  to 
that  part  of  the  foundation  which  is  in  bearing;   hence, 
if  this  area  is  assumed  to  be  one-third  of  the  whole, 
then  two-thirds  of  the  foundation  (or  of  any  joint), 
is  subject  to  uplift.   This  is  the  assumption  used  in 
the  investigation  which  follows. 

Another  factor  which  has  been  suggested  is 
that  due  to  the  ice  pressure.   What  this  pressure  will 
be  depends  on  the  thickness  of  the  ice  and  other  local 
conditions  at  the  individual  site.   The  period  of 
heaviest  ice  pressure  usually  occurs  at  the  time  when 
the  water  is  low,  and  the  preggure  will  be  applied  at 
a  point  considerably  below  high  water,  where  the  dam 
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will  be  strong  enough  to  resist  the  additional  pres- 
sure.  The  uplift  of  water  is  of  greater  importance 
than  ice  pressure.   The  ice  is  in  sight  and  can  be  cut 
from  the  face  of  the  dam,  should  the  necessity  arise, 
thus  relieving  the  pressure.   Different  problems 
involve  such  varied  circumstances,  that  no  general 
rule  can  be  applied,  and  no   attempt  will  be  made  to 
incorporate  this  factor  in  the  discussion  to  follow. 

Consideration  of  the  nature  of  the  founda- 
tion has  been  neglected  in  this  comparison,  for  the 
reason  that  each  site  resolves  itself  into  a  particu- 
lar problem,  and  involves  considerations  apart  from 
the  subject  of  this  thesis.   For  instance:    In  a 
dam  testing  on  yielding  soil,  the  uplift  will  be  of 
greater  moment  than  it  is  with  one  resting  on  a  solid 
foundation,  because  concentration  of  pressure  on  a 
yielding  base  is  more  likely  to  cause  failure,  and  the 
softer  soil  permits  freer  sliding. 

Under  drainage  is  ineffectual,  for  the 
reason  that  the  entire  dam  would  have  to  be  honey- 
combed, thereby  wasting  too  much  water  to  be  practical 
as  a  system.   The  same  outlay  made  for  more  masonry 
would  be  of  more  lasting  good. 
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Analysis  of  Section  I 
Considered  Without  Uplift. 


This  section  was  drawn  up  in  accordance 
with  the  accepted  rules  for  the  standard  type  of 
gravity  darn,  as  shown  on  Plate  VIII,  but  all  consid- 
eration of  the  effect  of  uplift  was  neglected  for  the 
sake  of  comparison  with  the  section  of  Plate  I,  which 
particularly  involves  this  figure. 

Theoretically,  the  thickness  of  a  dam  runs 
to  zero  at  the  top,  hut,  "because  of  the  advantages  of 
the  wider  top,  this  one  is  chosen  as  10'  -  0"  thick  at 
the  flood  water  level  (Elev.lOO.O).   As  usually 
designed,  the  top  of  the  dam  is  ahove  the  high  water, 
a  distance  of  5  to  lo-feet,-  in  this  case  10'  -  0". 

Tlie  trial  sections  were  chosen  of  such  pro- 
portions that  the  following  limiting  functions  were 
complied  with: 

1.  The  lines  of  pressure  both  for  the  reservoir 
full  and  empty,  must  not  pass  outside  the  middle  third 
of  any  horizontal  Joint. 

2.  Maximum  working  pressure  on  any  horizontal 
joint  must  never  exceed  certain  prescribed  limits, 
either  in  the  masonry  itself,  or  in  the  foundation  . 
(See  data  of  Plates  VIII  and  IX). 
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3.    The  coefficient  of  friction  in  any  plane 
horizontal  joint,  or  "between  the  dam  and  its  founda- 
tion, muat  "be  less  than  the  tangent  of  the  angle  which 
the  resultant  makee-with  the  vertical. 

This  last  feature  will  not  he  treated  here, 
owing  to  the  fact  that  the  quality  of  masonry,  and  the 
nature  of  the  foundation  are  of  such  extensive  detail 
that  they  become  a  subject  by  themselves.   In  passing 
it  may  be  well  to  add,  that  in  regard  to  construction, 
the  tendency  should  be  to  bring  the  quality  up  to  the 
requirements  of  good  design,  rather  than  make  allow- 
ances', and  conform  the  design  to  work  of  poor  quality. 

Compliance  with  the  limiting  functions 
previpusly  enumerated,  and  obeervance  of  certain  other- 
precautions,  which  may  be  demanded  by  the  special  case, 
will  insure  safety  against  the  following  methods  of 
failure: 

1.  By   overturning  about  the  front  of  any  hori- 
zontal section. 

2.  By  crushing  the  masonry  as  - 

(a)  At  the  downstream  edge  of  the  horizontal 
section,  with  the  reservoir  full. 

(b)  At  the  upsteara  edge,  with  the  reservoir 
empty . 
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3.   By  sliding  along  a  horizontal  joint,  or  shear- 
ing along  any  section. 

For  an  economical  section  the  proportion  of 
"base  to  height  should  he  made  as  sraall  as  possible 
within  the  range  of  safety.    Ihis  ratio  is  usually 
about  7/10  for  the  type  of  Plate  VIII. 

Having  determined  the  mass  of  an  assximed 
section,  and  computed  the  concentrated  pressure  of  the 
water,  together  with  its  point  of  application,  the 
direction  and  magnitude  of  the  resultant  pressure 
were  graphically  determined  for  reservoir  both  full 
and  empty.  The  base  of  each  section  may  be  considered 
as  a  joint. 

It  was  found  convenient  to  use  a  slight 
batter  on  the  back  of  the  dam.   Its  effect  toward 
increased  stability,  by  the  addition  of  a  vertical 
corapnnent  of  water  pressure,  is  veiy  slight,  as  may  be 
seen  from  the  small  displacement  between  the  solid 
pressure  line  and  the  dotted  one  (connecting  points  of 
intersection  between  resultants  and  their  respective 
joints),  in  the  determination  of  which  the  vertical 
component  of  static  pressure  was  neglected. 

'Tie  final  computations  for  this  simple 
section  will  be  found  in  Table  I,  Page  VII.   These 
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reaulta  are  self  explanatory,  with  the  possible  excep- 
tion of  those  for  center  of  gravity  distance.   By  this 
is  meant  the  distance  (in  feet)  from  the  center  of 
gravity  of  a  combined  mass,  or  group  of  sections,  to 
that  of  the  section  under  consideration.   And  the 
distance  "moved"  is  that  determined  by  the  equation. 
X  —     ^'^^-g  ^ 

/77g  is  mass  of  new  section  under  consideration. 

/?7/  is  mass  of  combined  sections  above  whose  c.of  g. 
has  been  located. 

^/is  c.  of  g.   distance  previously  explained.   A  point 
along  the  line  connecting  the  center  of  gravity  of  A^to  that 
of  /^  at  a  distance  X  from  the  first  locates  the  new 

c.  of  g. 

The  vertical  component  of  the  water  pressure 
at  a  point  is 

yV  =    weight  of  cubic  feet  of  water. 

/?  —     head  on  base  of  section. 

&   =  angle  of  the  battered  surface  with  the  vertical. 
To  find  the  pressure  over  a  certain  section 
of  back,  the  components  of  the  limiting  points  were 
averaged  and  then  multiplied  by  the  horizontal  projec- 
tion of  the  batter.   The  product  gives  the  resultant, 
which  acts  through  the  center  cf  gravity  of  the  lirr.it- 
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ing  values    (graphically   determined)' 

In  Table   la,  under   "Components  at  Base," 
will  "be   found   the  results  just  mentioned  as   "Liiftiting 
Values."      In   the  next  column  are   "End  Averages,"   and 
the  product   of  these   last,  with   the  corresponding 
•Horizontal  Projections,"   gives   the   "Vertical 
Components"   found  in  Table  I. 
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Analysis  of  Section  II; 
Designed  for  Uplift. 


This  section  was  designed  in  the  same  way as 
was  Section  I,  except  that  the  effect  of  uplift  was 
taken  into  consideration  for  each  section.    Since  the 
amount  of  this  uplift  is  taken  as  2/3  the  static  lead, 
ae  previously  explained, 

C/ =  ^  z:        =  ~^3 

This   force    is  applied  vertically  under    the  middle   third 

point  adjacent   to    the  heel,   and   increases    the   over- 
turning moment.      For   if  moments  are   taken  atout   the   toe 
of  a  section,    the   components   for  weight  of  masonry  and 
vertical  water  pressure   tend   to  revolve   in   one  direc- 
tion, while   those   of  uplight  and  horizontal  water 
pressure  act   in   the   opposite  direction. 

To   offset   the   effect  of  uplift  additional 
masonry    is  required,    and   the  ratio   of  base    to  height 
is   increased   over   that   for   the   same   sections   of  Plate  VIII 

Here  again   it  was   found  convenient   to  "batter    the 
back.      1    :    6  was  used.-  just  double   that   for    the 
profile   of  no  uplift. 

In   the   final  construction   the  uplift  being 
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opposed  to  the  larger  "vertical  forces,  shortens  their 
component,  and  increases  the  angle  of  the  resultant 
with  the  vertical  proportionally. 

The  smallest  factor  of  safety  in  Section  I 
was  2.14,  whereas  it  drops  to  1.8  at  one  point  in 
Section  II,  even  though  sufficient  cros8»8ectional 
area  ie  provided  to  cause  the  pressure  lines  to  fall 
within  the  middle  third. 

The  trial  made  at  the  foundation  of  Section  I 
for  the  effect  of  uplight,  shows  to  what  extent  the 
pressure  line  falls  outside  the  lower  middle  third  in 
a  standard  design  satisfying  all  "but  this  very  impor- 
tant condition.   It  is  evident  that  a  large  overturning 
moment  is  added,  and  tension  is  induced  in   the  masoniy 
at  the  heel. 

Efforts  to  prevent  water  from  entering 
masonry  walls  are  strenuous  enough  to  convince  the 
designer  that  water  will  certainly  penetrate  a  dam, 
and  require  provision  for  its  maximum  effect. 
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Analysis  of  the  Design  of  Section  IV 
45  "      Back. 


Inasmach  as  the  batter  of  12:12  resolves 
the  forces  into  vertical  and  horizontal  forces  that 
are  equal,  this  type  of  section  was  the  first  to  be 
adopted  in  considering  the  possibility  of  using  an 
inclined  bqck  to  overcome  the  effect  of  the  uplift 
due  to  the  seepage  water. 

According  to  all  accepted  designs,  the  top 
of  the  dam  should  be  at  least  equal  to  l/lO  of  the 
height  of  water  at  flood  level,  and  should  project  above 
high  water  the  sarae  amount.   In  order  to  do  this,  and 
use  a  45-deg.  back,  it  is  necessary  to  make  the  base 
of  the  dam  119* ,  which  is  much  in  excess  of  the  bate 
required  for  a  straight  back  dam  of  the  same  height. 
This  condition  suggested  the  possibiMty  of  using  a 
section  that  is  composed  of  a  hollow  concrete  shell 
filled  with  rough  fitted  dry  masonry,  under  the 
assumption  that  the  me.sonry  would  take  the  direct 
pressure,  and  relieve  the  fqce  and  diaphragms  of  any 
strees  due  to  bending,  but  will  resist  the  shear  by 
friction,  only.   In  carrying  out  this  idea,  the 
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proportions  ueed  were  as  follows:  A  four  foot  con- 
crete face,  waterproofed,  supported  every  20'  in  "both 
the  vertical  and  the  horizontal  directions  "by  four 
foot  concrete  diaphragms,  to  "be  made  of  concrete 
weighing  150-lb8.  per  culaic  foot,  the  cavities  formed 
Toy  these  diaphragms  to  he  filled  with  limestone  masoniy  , 
fitted  roughly  "tuflaid  up  dry,  and  weighing  ISO-lbs. 
to  the  cuhic  foot. 

The  design  of  the  dam  was  made  hy  purely 
graphical  methods,  and  in  outline  was  as  follows: 

The  dam  was  divided  into  eleven  unequal 
parts,  the  top  tv/o  "being  concrete,  and  every  alternate 
one  from  there  to  the  foundation  being  concrete  also. 

For  Section  II  in  this  dam,  the  calculatione 

v/ere  as  follows:   The  section  is  in  the  form  of  a 

trapezoid,  ten  feet  wide  on  top  and  fifteen  feet  wide 

at  the  bottom.   The  volume  of  this  trapezoid  would  be 

lO-t-15  X  5  ^  62.5  cubic  feet. 
2 

Due  to  the  fact  that  the  area  of  concrete 
available  to  take  the  shear,  an  additional  factor  of 
safety  was  introduced  here  by  using  the  weight  of 
concrete  as  140-lb8. 

The  total  weight  of  the  section  was 
62.5  X  140  ==  8750. 

The  water  pressure  varies  from  zero  at  the 
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top   to  a  maximum  of   312.5-11)3.   per   square   foot  at   the 

"bottom.      This  gives  a    total  pressure  on   the  back   of 

the    section  of   - 

512.5  X   6.2    =    971.54-11D9. 
2 

where  6.2'  is  the  inclined  length  of  the  tack  of  the 
dam.   The  water  can  he  considered  as  acting  perpendic- 
ular to  the  face  of  the  darn,  through  the  center  of 
gravity  of  the  polygon  of  forces.   In  this  case  this 
will  "be  at  a  height  of  one-third  of  the  head  of  water, 
or  1,66'  above  the  base  of  the  section. 

The  center  of  gravity  of  the  section  is  at 
a  distance  of  2.5'  above  the  Imse,  and  6.2'  from  the 
lower  downstream  face.   The  coordinates  of  the  mass 
above  are  5%;    the  distance  between  the  two  centers 
is  7.8'. 

If  w  is  the  weight  of  all  the  mass  above  the 

section,. and  w'  is  the  maBS  of  all  sections  above, 

including  the  section  considered,  d  is  the  distance 

between  the  two  centers,  and  x  is  the  distance  from 

the  center  of  gravity  of  the  section  to  the  center  of 

gravity  of  the  total  mass,  measured  along  the  line 

from  the  center  of  the  section  and  of  the  total  section 

above ,  then  x  equals  - 

x^  14000  X  7.8   _   w  d  ^      4.8' 
22750      ~  w^ 
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With  the  intersection  of  the  gravity  line 
and  the  line  of  water  pressure  as  the  origin,  lay  off 
the  polygon  of  forces  and  get  the  resultant.   The 
resultant  cuts  the  base  of  the  section  at  a  point  2.7' 
inside  of  the  middle  third,  and  is  equal  to  IS.SOO-lhs. 
at  high  water.  At  low  water  the  resultant  cuts  the 
base  at  a  point  .8'  inside  of  the  middle  third. 

For  Section  III,  which  is  part  concrete  and 
part  masonry,  the  procedure  is  the  same,  except  that 
the  center  of  gravity  of  the  section  has  to  be  deter- 
mined by  taking  moments  of  the  three  sections  (two 
concrete  and  one  stone),  in  both  the  horizontal  and 
the  vertical  planes,  about  the  lower  downstream  corner 
of  the  section.   Then  solve  for  the  coordinates  of  the 
c.  of  g .  of  the  combined  section. 

The  total  shear  at  the  bottom  of  the  section 
is  equal  to  the  horizontal  component  of  the  water 
pressure  on  the  back  of  the  dam,  and,  inasmuch  as  the 
area  of  the  concrete  at  the  bottom  of  the  dam  is  the 
same  as  it  is  at  any  section,  it  is?  only  necessary  to 
consider  it  for  the  bottom  section.   The  total  water 
pressure  is  equal  to  219  tons.   The  horizontal  compon- 
ent of  this  is  155  tons. 
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The  total  resisting  area  of  the  concrete  is 
9.6'  square  feet.   Considering  the  coefficient  of 
-friction  of  the  stone  as  .75,  the  resistance  to  sliding 
offered  "by  the  stone  will  be  - 

419  X  .75  =  314  tons, 
Tfhich  shows  that  the  section  is  safe  in  shear. 

Due  to  the  pervious  nature  of  the  inside  of 
the  dam,  all  the  water  that  can  get  through  the  back 
ean  drain  through  the  interior  without  resistance,  and 
will  be  taken  care  of  by  drains  at  the  face,   '^he  up- 
lift on  the  relatively  small  area  in  the  back  will  not 
be  great.   It  is,  therefore,  not  necessary  to  take  into 
account  the  uplift  in  the  body  of  the  dam,  but  only 
that  at  the  foundation.    The  total  upthrust  is  112 
tone.   This  force,  combined  with  the  forces  due  to  the 
mass,  and  the  water  behind  the  dam,  throw  the  resultant 
outside  of  the  middle  third.   The  section,  therefore, 
is  unstable. 
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Analysis  of  Section  III; 
Back  Batter  Adjusted  to  Take  the  Uplift. 


Several  methods  were  tried  to  "bring  the 
resultant  inside  of  the  middle  third,  without  losing 
the  idea  of  having  all  the  batter  on  one  side  of  the 
dam.   Increasing  the  "base  increases  the  uplift  more 
rapidly  than  it  does  the  mags,  so  that  it  cannot  help. 
The  idea  had  to  "be  finally  abandoned  in  part,  and  some 
of  the  batter  put  on  the  downstream  side.   After  sev- 
eral trials,  it  was  found  that  ty  changing  the  face 
batter  uniformly  from  zero  at  the  top  down  to  a  maximum 
of  6"  in  12",  that  the  uplift  could  be  taken  care  of, 
and  that  the  mass  of  the  dam  could  be  reduced  by  reduc- 
ing the  thickness  of  the  upper  part,  and  confining  the 
maximum  back  batter  of  12''  in  12"  to  tlie  bottom  66' 
only.   This  change  in  the  shape  gives  a  section  that 
weighs  only  376  tons,  in  place  of  the  431  tons  of 
Section  IV. 

In  order  to  bring  the  center  of  gravily 
down  father  into  the  dam,  and  bring  it  over  near«r 
the  center,  it  was  found  more  convenient  to  vary  the 
sections  used,  and  two  sections  of  concrete,  one  8' 


;  ■  fr>9F   Jo    oiwvIsrtA 

edS   1o   Sivie    ■  ■    "f.iu    tt  . >T    J.J.  i-   :^;(.i:v.'*n    i;o     V- ;, 

.qleri  ion    ~~    '  "    "^ —    "-    ,3?B.'a   9rf.t    eno'-    "■  -    "    'rS.btqst 

QfTioe   buy    ,  -'''--           -    ■■^    -                              •-    ■  ■-'^ 

eo-::   -    ■      TJcgnsrlo  -^cJ  ijajcfj-   Jirix/o^   8,?..-    ''    , -^.r^ixid-   Lsie 


1  r  +  OfiR 


twiaerf    'r:  ..    . ,  ._ 

•8    &rio    ,  ft.to'forrno   ' 


XXIII 

and  the  other  12' ,  were  used  in  place  of  the  three 
sections  of  4'  each,  used  in  dam  IV.  With  the  addi- 
tional exception  of  the  method  of  obtaining  the 
resultant  water  pressures,  the  design  of  the  section 
was  identical  in  every  respect. 

Due  to  the  variation  in  the  batter  on  the 
back,  it  was  necessary  to  lay  out  the  trapezoid  of 
forces  on  the  back  of  every  section,  and  then  combine 
the  resultant  force  with  the  resultant  of  all  the 
forces  above  it. 

This  method  gives  a  resultant  slightly  less 
than  in  the  other  dam,  but  it  is  applied  at  a  point 
lower  down  on  the  back. 

These  resultant  pressures  do  not  act  strictly 
perpendicular  to  the  section  to  which  they  apply,  but 
the  variation  is  so  slight,  that  the  error  introduced 
is  very  small  and  the  values  in  Table  Ilia  are  obtained 
on  the  assvimption  that  they  do  not  act  perpendicularly. 

•^he  effect"  of  the  seepage  water  in  the  body 
of  the  dam  is  disposed  of  in  the  same  manner  that  it 
was  in  Section  IV.   The  effect  on  the  base  is  slightly 
less,  110  tons,  and  this,  combined  with  the  other 
forces,  brings  the  resultant  inside  of  the  middle 
Third. 
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The  maximum  shear  that  will  occur  in  this 
dam  occurs  at  the  bottom  of  Section  IX,  and  is  equal 
to  110  tons.  The  resistance  offered  "by  the  friction 
of  the  masonry  is  .75  x  262s=  196  tons,  so  that  the 
shear  is  negligible. 

The  shears  given  in  Table  Ilia,  and  used  in 
plotting  curve  6,  are  based  on  the  assumption  that  the 
shear  is  distributed  uniformly  over  the  total  area  of 
the  section  -  stone  and  concrete  alike. 


COMPARISON. 

In  spite  of  the  great  variance  between  the 
four  sections,  most  of  the  different  factors  show  a 
similarity,  -  in  some  cases  remarkable.  In  one  way  it 
is  impossible  to  get  a  good  cotiparison,  due  to  the 
difference  in  materials  used  for  the  sections,  but, 
for  general  purposes,  the  points  of  similarity  and 
difference  are  - 

In  Sections  I  and  II,  the  width  of  base 
adopted  very  closely  agrees  with  the  base  generally 
used  with  straight  back  dams,  viz.,  .7  for  Section  I, 
and  .85  in  Section  II. 

In  Sections  III  and  IV  it  was  impossible  to 
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bring  the  bases  down  to  this  low  limit.   The  ratio 
being  1.68  for  Section  IV,  and  1.06  for  Section  III. 
It  was  on  this  account,  and  the  fact  that  Sections  III 
and  IV  would  have  to  be  much  heavier,  that  the  partic- 
ular construction  used  was  tried,  for  additional  factor 
of  safety.   The  weight  of  a  less  dense  concrete  was 
used  in  Sections  III  and  IV,  but  this  fact  did  not 
reduce  the  weights  of  these  sections  down  as  low  as 
the  weights  of  I  and  II.   This  difference  is  very- 
great  for  Sections  I  and  Iv ,  but  slightly  less  for  II 
and  III.   The  weight  per  square  foot  of  base  area  is 
least  for  Section  III,  and  increases  through  IV  and  II 
to  a  maximum  with  I. 

TOE  PRESSURE;   RESERVOIR  FULL. 

The  pressures  generated  at  the  toe  for  any 
section  of  each  of  the  four  dams  with  high  water,  are 
plotted  on  Plate  I,  Page  XXVIII.   Prom  these  curves  it 
can  be  seen  that  the  two  types  -  straight  back  and 
battered  back,  differ  in  that  the  toe  pressures  for 
the  vertical  back  are  greater  at  all  points  in  the  dam 
when  considering  uplift. 

In  the  battered  back  dam  the  toe  pressure 
becomes  less  in  the  section  with  uplift  before  the  40' 
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line  the  pressures  are  least  for  Section  II,  "but  at 
this  point  they  all  change;   III  becomes  smallest,  and 
IV  "becomes  greatest. 

HEEL  PRES.SURES:   (RESERVOIR  PITLL): 

The  heel  pressures  at  high  water  are  plotted 
on  Plate  II,  Page  XXX.   The  curves  indicate  a  rapid 
increase  of  pressure  at  the  80-f(?ot  line,  falling  off 
again  to  a  minimum  at  elevation  60,  at  which  point  all 
sections  are  stressed  approximately  the  same,  with  the 
exception  of  Section  II,  and  possihly,  the  increase  of 
pressure  increases  gradually  as  the  foundation  is 
approached.   Section  III  shows-  the  largest  increase  in 
this  direction  ,  for  the  reason  that  the  center  of  mass 
is  nearest  the  face,  becquse  the  batter  is  on  the  back. 

The  short  piece  of  curve  nurabered  3a  shows  a 
large  decrease  in  heel  pressure,  when  the  uplift  is 
taken  into  consideration.-  This  type  of  darn  has  a  wide 
base,  because  of  its  extensive  batter,  and  offers  a 
large  area  to  the  hydrostatic  uplift. 

TOS  PRESSURES:   (RESERVOIRS  ETiPTy). 

The  toe  pressures  with  the  reservoir  empty 
are  plotted  on  Table  III,  Page  XXXII. 
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These  curves  show  a  very  marked  similarity 
at  all  points,  with  the  exception  of  curve  3.   '^his 
one  varies  a  little  from  the  others,  due  to  particular 
shape  of  the  dam. 

The  intensity  of  the  pressure  varies  uniformly 
from  the  top  of  the  section  tov/ards  the  base^   the 
largest  pressure  "being  in  Section  I,  and  the  smallest 
being  on  Section  III.   The  maximum  variation  from  top 
to  "bottom  is  found  in  Section  IV. 

HEEL  PRESSURES:   (RESER¥OIRS  EliPTX" ) . 

The  curves  for  heel  pressures,  reservoir 
einpty  ,  are  plotted  on  Plate  IV,  Page  XXXII.   Curve  lTo.4. 

Section  IV,  due  to  the  uniform  variation  in 
cross  sections,  has  a  very  uniformly  varying  pressure, 
the  only  difference  "being  that  at  each  of  the  denser 
diaphragms  the  pressure  increases.   Section  III,  'due 
to  the  sudden  "break  in  the  "batter  at  the  40'  line, 
shows  a  large  dip  in  the  curve  at  this  point,  "but  the 
final  preBsure  at  the  "bottom  is  only  slightly  greater 
than  it  is  at  the  top.   The  pressure  lines  for  both 
straight  back  sections  vary  very  little  and  cross  at 
the  60'  line.   Both  of  the  curves  show  a  smaller  stress 
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at  the  "base  than  at  the  tap. 

Both  sets  of  curves,  the  straight  back  and 
the  battered  back,  show  that  uplift  causes  the  pres- 
sures to  be  in  general  concave  away  from  the  lines  of 
pressure  for  the  sections  without  uplift. 

By  a  comparison  of  curves  on  Plates  I  and  II 
we  find  that  the  distribution  of  stress  is  a  minumum 
for  Section  III,  considered  without  uplift,  while  the 
same  section,  with  uplift,  comes  nex€.   In  all  cases 
the  sections  with  uplift  show  in  general  a  better 
distribution  than  those  without  uplift. 

By  comparison  of  curves  on  Tables  I,  II,  III 
and  IV,  the  maximum  of  toe  pressures  occur  in  all  sec- 
tions with  the  reservoir  full,  while  the  heel  pressures 
are  greatest  with  the  reservoir  empty  for  Section  II, 
full  for  Section  III,  but  again,  when  uplift  is  con- 
eidered  in  Section  III,  the  pressure  at  heel  falls 
to  less  than  it  was  with  reservoir  empty.   ?or  Sec- 
tions IV  and  I  the  heel  pressures  are  greatest  with 
high  water.. 

FACTORS  07   SAFETY: 

For  the  straight  back  type,  the  curve  of 
Section  I,  Plate  V,  sho^vs  abundant  strenf^th  in  the 
upper  portion,  with  a  minumum  at  the  50'  level, 


-peiq  erfj-   eaeuao  d-^ilgjj  JsiiJ-    r/orfe    ,  jfo^-cf  hsteJ.tscf   s.-f,t 

.>i-*txlqu  :>'i;oiic}-J:w  enold'oo-^  ■ 

aei'Bll  no    eyv  OBlisq 

mmual  lo  no x iwcfi id- eil>  srfi  iaci^  bniJ.   ow 

eifi   ©liiiw   ,j-lxlqxf  :f-0oii*xw  bsTabxenoo   ,Tir   noxioeS   'loJ 

eaeBo   LLs  nl      .^xsa  esir-.oo   ,d-'H.Cq^'     --t  i:w    .noiJot.'-    Baii--8 

iQJ-J-ocf  B  Isierte^  nx  worfe   itllq.'.  .^ox^cse   srfJ- 

•  .fJ-xXqx;  ^i/orTiiw  9P0di   rteii*   ftoxi^/cfi1C^0i:fl 

III    ,         ,,      -aXcTsT  no   eeviuo  "Jo   noexiBqrr.i:  :• 

-09I3   Us   nl-   *i:jjodo   esiueBaiq  ^o&  Jo  mutnixBtn  9dt    ,Vl   baz 

esiueeeiq  les/f  sifj   sliriw  illx/l   niovieaei  ©rli  ;{.-Mw  enoi* 

,t:   noifoQp.   ToT:   \:.+  q-"9    "rxovTsesi  ©rf^   rfJJtw  cJ'eaJ-BSTg  sis 

-noo  ex   iJUqsj   naxiv;  ,nxBas  J-ad    ,  :  '.  i  Iw'i 

bIIsI  l99(I  *£  0txj'3F!6'iq  ori.'    ,  .olct'OsS  :ix    bsieble 

-088   TO^      .y.,tqw9    tiovieBe^  'Srii    e«9X   od" 

.••8e>.t>»©i  '-'ix'ppsiq  l-s'-.'d  tnli    I   i?n.e  VI    enoxd' 

..isd-fiw  xlglrf 

.-YTS'IAE   TTO   aHOTOAl 
,16-76 1    'Oa    :  ucnunlot  ,       ^:f^:oq  TGqqi; 


XXXIV 

increasing  uniformly  thereafter  to  a  maximum  of  2.5 
Sit  the  "bage. 

Section  II  indicates  a  critical  point  at  the 
game  elevation  aa  the  first,  but  for  the  proportions 
of  thia  design  the  factor  (1.8)  is  considerahly  leas 
than  desirable  in  practice.   The  minimum  should  be  at 
least  2.0. 

Though  the  section  is  stable,  ao  far  as 
conqpliance  with  general  principles  ia  concerned,  the 
factor  of  safety  developed  is  less  than  corresponding 
points  of  Section  I  in  all  cases,  aa  is  to  be  expected, 
for  the  reason,  that' uplift  so  largely  increases  the 
overturning  moment. 

The  battered  back  type  of  Plates  X  and  XI 
requires  a  larger  factor  of  safely,  since  the  material 
of  the  interior  is  of  losse  construction,  and  no 
dependence  is  placed  upon  its  shearing  strength. 

Even  so,  the  factors  are  far  in  excess  of 
the  required  miniraun,  as  a  glance  at  Plate  Va  will 
verily.   The  minimum  occurs,  for  uplift,  at  the  base 
of  the  adjusted  back  section,  as  was  explained  in  the 
detailed  discussion  of  the  design  of  that  particular 
section. 
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UlUT  SHEARS: 

The  unit  shears  for  all  sections  are  plotted 
without  regard  to  the  nature  of  the  material,  as 
though  the  stress  were  distributed  uniformly  over  the 
entire  cross  section.   On  this  assumption  the  shear 
variee^* uniformly  for  all  the  sections  having  a  uniform 
"batter,  but  with  Section  III,  where  there  is  such  a 

sudden  change  at  the  56'  line,  the  increase  in  shear 

changes 
down  to  that  point  more  rapidly  than  it  does  for  the 

balance  of  the  dam..  The  battered  back  dams  show  a 

much  smaller  unit  shear  for  the  other  sections.. 

RATIO  OF  HORIZONTAL  TO  VERIO AL  FORCBS: 

In  the  straight  back  dame,  the  variation  in 
this  factor  is  very  uniform,  the  rate  of  change 
gradually  decreasing.   For  Section  IV  the  change  is 
practically  nothing,  except  at  the  top.   This  change 
is  due  to  the  effect  of  the  weight  of  that  part  of  the 
section  above  high  water  mark.   ?or  Section  III  the 
difference  in  the  ratio  from  top  to  bottom  is  slight, 
but  there  is  a  great  deal  of  variation  in  between. 
In  general,  the  curves  for  III  and  IV  are  concave  away 
from  each  other.   The  effect  of  uplift  causes  the 
ratio  to  go  up  at  the  foundation.. 
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smn^jmY: 

Prom  the  points   of  this   investigation  which 
stand  out   the  most  prominently  , the   following  conclu- 
eione  are  drawn: 

1.  It   is    impoBsihle    to  contruct  a   dara   of   the"' 
"battered  back   type   of  as    small  sectional  area  as   that 
for    the   straight  back   type,   for   the  reason   that   the 
pressure   due   to  an   increase   in   the   quantity   of  masonry, 
increases  at  a   slower   rate   than   the  attendant   increase 
in   the  force   of  uplift. 

2.  Economy   in  construction  may  be  had  by    the  use 
of  a  cheaper  material   for   the  bulk   of   interior  which 
will   transmit  direct  pressures.. 

3.  The   stability   of   the  battered  back   type 
against  sliding  and   overturning   far   exceeds   that   of   the 
vertical-back   section,   and   the  distribution   of  stresses 
over  any   horizontal   section   is  more  uniform.- 

4.  Under-drainage ,  while  unpractical  with    the 
solid  straight  back   type,    is  a  natural   outcome   of   the 
peculiar  nature   of   the  construction  used   in   the 
battered  back    type.      This   drainage  reduces    the  uplift 
in    the  body   of   the  dam,    to  a  point  where   it  may  be 
neglected. 

Thi<?  construction,  however,    calls   for  a 
water  proof  back. 
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It  is  useless  to  draw  a  comparison  as  to 
the  relative  economy  of  the  tv/o  types,  without  going 
into  the  details  of  cost  for  some  particular  case. 
It  would  seem  that  wherever  the  stone  for  use  in  the 
battered  back  type  could  be  had  from  quarries  conven- 
ient to  the  site,  that  a  great  saving  in  cost  could 
be  made  over  a  concrete  dam  of  the  vertical  back  type, 
Much  depends  also  on  whether  the  cost  of  excavation 
for  the  larger  foundation  would  offset  t' e  saving 
made  in  cheaper  construction  of  the  body  of  the  dam. 


'Ii.-oicJ"iJ3q  amof:  ■::d.f   o  +  ni 

arivt    n.:.  />    eno-ta    Qrl&    Tsvetsiiw  J-f;j{:}   mass    bLuov  il 

.sqY*'3io«tf  Isoxv+iev   SjiJ-    lo   m3j>   9.t6>TOiioo  i-j  levo   absm  9Cf 
noii 3VB0X9  'io   i boo  adi   iQdiQdvr  no   oels  ebneqeb  dou'JL 

.cv^b  edi-  Io    ■v;t>ocr  eiijf   ?o   no.tJ'oifT.+  enoo  nsqeerfo  ni.   s&Bm 


/      l/f/ 


ISmsr^- 


:  noex-iBqmoo  a  vraib  oi    psslaei/  ex   il 

.sqY*'3fO«tf  Isoxv+i9V  9r[J-   'io   rasl^   s.t&rto.-too  .«  tr>vo   abfim  ed 
3niv;ap  noi&abnsjo'i  laaisl   ©rf*  .  lot 


,  n,: 


^^^UL 


/f57>c.    «^  , 


H  -^o  V  y^<. 


f/'//^/?  >i^;^/  ■■  —^/<z^  /oo  o 


J^CT/ON  I. 


/ooj9- 


^.^tis>(^//rj^.' 

/?^JC5r^^l» 

,5" 

/ea.c  ' 

J&<^ 

( 

Z<i,/.o 

^ib7 

■^'■^.v 

^,-S<S 

e 

BoZo 

■^fa.S' 

^ 

,/(.-7.^ 

.ff^/a/o 

'^^^.^ 

^7^// 

fi 

ZoBoo 

THESIS. 

STP/7/GHT-B/fCK  CONCeETE  PJIM 
COA/J/PEeED  mTHOUT  UPLIET 

P/aTa-  3.  ^cra/(Z--^''=/'-c>'- 


-^ 


i^o/-^/ 


C.o/^.   /-< 


(m 


^/■'c 


.       //    to 


/'/'//crh  y/ofar'  -  E:Vav:  /ooo^ 


I 


/oo  /r 
/9Z.e/      /S      ■■         •        --     - 


J<EY_ 
L>^^,7:s  of  M/iyc//0--  777/ j^^ 

-  P'r~<^.^^t^r^iZ   /_/r7a^    f/'Te~ff^'^l^<7/^JiLy//) 


j 

^SS^^C^^^T^I 

^■^^,W-r7 

^ 

T^-^z*^^  cy  f^eA 

^ 

^ 

^^4-  /iis\ 

^^t^ 

i. 

/o  zz 

^r^7 

-r 

Zoco 

J.     <5 

S 

^ZoT 

^  -sr 

ff 

^^6^ 

,j?  .  /o 

/o 

<;j?-^ 

■^-  // 

// 

a^^f 

THESIS. 

5Tea/GHT-B/JCK  CONCRETE  O/JM. 
DE3 ZONED  rO/?  UPLfFT 


PJat^  9. 


^ca/<Z  a  "°^' 


W<Z/^  -^   (^lc.,,^^nSi'<feAM^ 


A   lyl/- 


V  V 


J 


AJ 


*Vj-.e\v 


-*r 


.^  Vf  ;• 


h 


^^^n 


;<^    lA'l-Te*-  £-/.     /Oo'oq" 


^^CT/O/V IV 


/  MiddU    Third. 


'Hy 


-^=^        ~~  THESIS. 

UNirORM^  By^TTEHCP-BACK 3-ECTION 
"CONCRETE  ■SHELL  MASONRY  FILL. 


'^ 


